
 

 
 
 
 
Donate, P. B. et al. (2021) Cigarette smoke induces miR-132 in Th17 cells that enhance 
osteoclastogenesis in inflammatory arthritis. Proceedings of the National Academy of 
Sciences of the United States of America, 118(1), e201712011.  

(doi: 10.1073/pnas.2017120118) 

This is the Author Accepted Manuscript. 

 
There may be differences between this version and the published version. You are 
advised to consult the publisher’s version if you wish to cite from it. 

 

https://eprints.gla.ac.uk/226419/ 

 

Deposited on: 23 November 2020 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Enlighten – Research publications by members of the University of Glasgow 

http://eprints.gla.ac.uk  
  

http://dx.doi.org/10.1073/pnas.2017120118
https://eprints.gla.ac.uk/226419/
http://eprints.gla.ac.uk/


 1 

Cigarette smoke induces miR-132 in Th17 cells that enhance 

osteoclastogenesis in inflammatory arthritis 

 

Paula B Donatea, Kalil Alves de Limaa, Raphael S Peresa, Fausto Almeidab, Sandra Y Fukadac, 

Tarcilia A Silvad, Daniele C Nascimentoa, Nerry T Cecilioa, Jhimmy Talbota, Rene D Oliveirae, 

Geraldo A Passosf, José Carlos Alves-Filhoa, Thiago M Cunhaa, Paulo Louzada-Juniore, Foo Y 

Liewg*, Fernando Q Cunhaa. 

 

aDepartment of Pharmacology, Ribeirão Preto Medical School, University of São Paulo, Ribeirão 

Preto, SP, CEP 14049-900, Brazil.  

bDepartament of Biochemistry and Immunology, Ribeirão Preto Medical School, University of São 

Paulo, Ribeirão Preto, SP, CEP 14049-900, Brazil.   

cDepartment of BioMolecular Sciences, School of Pharmaceutical Sciences, University of São 

Paulo, São Paulo, SP, CEP 14040-903, Brazil. 

dDepartment of Oral Surgery and Pathology, School of Dentistry, Universidade Federal de Minas 

Gerais, Belo Horizonte, MG, CEP 31270-901, Brazil. 

eDepartment of Internal Medicine, Ribeirão Preto Medical School, University of São Paulo, Ribeirão 

Preto, SP, CEP 14049-900, Brazil.  

fMolecular Immunogenetics Group, Department of Genetics, Ribeirão Preto Medical School, 

University of São Paulo, Ribeirão Preto, SP, CEP 14049-900, Brazil. 

gDivision of Immunology, Infection and Inflammation, Glasgow Biomedical Research Centre, 

University of Glasgow, Glasgow G12 8TA, UK.  

 

*Corresponding author Foo Y Liew:  foo.liew@glasgow.ac.uk or Fernando Q Cunha: 

fdqcunha@fmrp.usp.br 

Classification: Biological Sciences, Immunology and Inflammation 

Key words:  Cigarette smoke, Rheumatoid arthritis, Th17, Exosomes, osteoclastogenesis 

mailto:foo.liew@glasgow.ac.uk


 2 

Author Contributions 

P.B.D. planned, performed and analyzed experiments and wrote the manuscript. F.Q.C. and F.Y.L. 

planned experiments, analyzed data, wrote the manuscript and supervised the project. S.Y.F. and 

T.A.S. planned and analyzed osteoclasts experiments. F.A. and T.N.C. performed and analyzed 

EVs experiments. K.A.L., R.S.P., D.C.N. and J.T. performed and analyzed murine experiments. 

G.A.P. provided reagents and analyzed array experiments. J.C.A.F. and T.M.C. planned and 

analyzed experiments. R.S.P., R.D.O., S.L.A. and P.LJ. planned, performed and analyzed human 

experiments.  

 

Abstract 

Rheumatoid Arthritis (RA) is a chronic inflammatory disease characterized by joint 

destruction and severe morbidity.  Cigarette smoking (CS) can exacerbate the incidence and 

severity of RA. Although Th17 cells and the Aryl hydrocarbon Receptor (AhR) have been 

implicated but the mechanism by which CS induces RA development remains unclear. Here, 

using transcriptomic analysis we show that microRNA-132 is specifically induced in Th17 

cells under the presence of either AhR agonist or CS-enriched medium. miRNA-132 thus 

induced is packaged into extracellular vesicles (EVs) produced by Th17 and acts as a pro-

inflammatory mediator increasing osteoclastogenesis through the down regulation of COX-2. 

In vivo, articular knockdown of miR-132 in murine arthritis models reduces the number of 

osteoclasts in the joints. Clinically, RA patients express higher levels of miR-132 than 

healthy individuals. This increase is further elevated by cigarette smoking. Together, these 

results reveal a hitherto unrecognized mechanism by which CS could exacerbate RA and 

further advance understand of the impact of environmental factors on the pathogenesis of 

chronic inflammatory diseases. 
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Significance statement 

This report reveals a mechanism by which cigarette smoke (CS) could exacerbate local 

inflammatory disease. CS is a key environmental pollutant affecting millions of people globally and 

continues to be of considerable interest to the biomedical communities. We found that CS activates 

the AhR on Th17 cells leading to the up-regulation of miR-132, which is then packaged into 

extracelullar vesicles (EVs) that induce osteoclastogenesis via the suppression of Cox2 that 

catalyzes prostaglandins. Clinically, rheumatoid arthritis (RA) patients who smoke express higher 

level of miRNA-132 compared to non-smoker RA patients. This finding not only reveals a 

mechanism of CS signalling but may provide a potential target for therapeutic intervention for 

inflammatory disease in general and RA in particular. 

 

Introduction 

RA is a chronic autoimmune disorder that affects about 1% of adult population and is characterized 

by synovial inflammation and bone destruction, eventually leading to disability (1, 2). The interaction 

of several genes with environmental and stochastic factors control the onset and development of the 

disease (3).  

Cigarette smoke (CS), a key environmental factor, is highly associated with RA risk and mediates an 

increase of pro-inflammatory cytokines levels, affecting disease activity (4, 5). CS contains agonists 

for AhR (6-8). We have previously demonstrated a critical role of AhR on Th17 cells in arthritis 

development, which is exacerbated by CS (9). While wild-type mice developed exacerbated 

inflammatory arthritis and elevated frequency of CD4+IL-17+ T cells in the DLN when exposed to CS, 

Ahr-/- mice did not. Furthermore, an AhR antagonist (CH223191) also blocked the effect of CS in the 

WT mice (9). However, the molecular mechanism involved in this process is not fully understood. 

AhR belongs to the helix-loop-helix Per-Arnt-Sim (bHLH-PAS) domain transcription factor family, 

well known for its response to various external stimuli and regulation of immune system (10-12). In 

experimental models of arthritis and clinical RA, AhR activation induces pro-inflammatory cytokines 

production by different cell types, including Th17, fibroblasts and synoviocytes (13, 14). AhR is also 
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important for maintaining Th17 cells polarization (11, 15-17) characterized by the induction of 

RORγt, CYP1A1 and the production of interleukin-17 (18), which plays an important role in RA 

pathogenesis (19, 20).  

CS is also significantly associated with epigenetic modification. MicroRNAs (miRNAs), a class 

of small non-coding single-stranded RNA with post-transcriptionally regulatory properties (21, 22), 

play important roles in pathological conditions including RA (23-25). However, the relationship 

between AhR activation via CS, microRNA and RA pathogenesis is unknown.  

In this report, we demonstrate that the transcription of miR-132, activated by CS-induced AhR 

activation in Th17 cells, enhances osteocastogenesis and contributes to the development and 

progression in experimental RA and clinical RA. The miR-132 is packaged in extracellular vesicles 

(EVs) and mediates osteoclastogenesis by the down regulation of Ptsg2 expression and Cox2 

transcription. These results therefore provide a hitherto unrecognized mechanism by which CS 

could exacerbate local inflammation and joint destruction in RA. Understanding this linkage may 

provide a key mechanism by which CS exacerbates inflammation in general.  

 

Results 

AhR activation induces expression of a specific microRNAs set in Th17 cells. 

We first investigated whether AhR activation could affect miRNAs expression in Th17 cells.  Naïve T 

cells (CD4+CD44-CD62L+) were purified from the lymph nodes of C57BL/6 mice and polarized to 

Th17 cells in vitro in the presence of IL-6, TGF- and IL-1. After 72 h, IL-17-producing cells were 

purified and re-stimulated for 24 h with IL-6, TGF-, IL-1 and IL-23 in the presence or absence of 

FICZ (6-formylindolo[3,2-b]carbazole, a well-documented AhR agonist). Th0 condition was used 

as a control and isolated CD4+ T cells were re-stimulated with IL-2 in the presence or absence of 

FICZ. Supervised hierarchical clustering analysis identified 224 differentially expressed miRNAs 

(fold-change  2.0 and FDR  5%). Among them, 22 miRNAs were up regulated in Th17 cells in the 

presence of FICZ (Fig. 1A and Table S1).   
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We then matched miRNAs homology between humans and mice, and selected two of the most 

expressed miRNAs after AhR activation, miR-132 and miR-346 (Fig. 1B), for validation by 

quantitative PCR (qPCR). We selected these two miRNAs based on their high level of expression 

and potential clinical relevance.  FICZ markedly increased the expression of these two miRNAs in 

Th17 cells (Fig. 1C). AhR activation by FICZ also increased the expression of Cyp1a (the AhR down 

stream reporter gene) (Fig. 1D), IL-17A (Fig. 1E), and IL-22 production (Fig. 1F). These results 

demonstrate that AhR activation on Th17 cells induces the expression of miRNA-132 and miR-346, 

which are highly homologous in mice and humans. 

 

AhR-induced miR-132 and miR-346 are correlated with Arthritis development. 

Next, we explored if AhR-induced miR-132 and miR-346 expression would be associated with the 

development of inflammatory arthritis using the well-defined murine arthritic models, antigen-induced 

arthritis (AIA) and collagen-induced arthritis (CIA). In the AIA model, Wild-type (WT) and Ahr-/- 

C57BL/6 mice were primed and boosted with mBSA and injected intraperitoneally with FICZ or 

vehicle alone. As demonstrated earlier (9), inflammatory arthritis was markedly exacerbated by the 

treatment with FICZ in the WT mice, whereas Ahr-/- mice showed minimal level of disease, which 

was not affected by the treatment of FICZ. While the expression of miR-132 and miR-346 in the 

Th17 cells from the lymph nodes of the WT mice were significantly enhanced by the treatment of 

FICZ, the low level of expression of these miRNAs in the Th17 cells of the Ahr-/- mice were not 

affected by the treatment of FICZ (Fig. 2A). In the CIA model, DBA/1J mice were primed and 

boosted with type II collagen and treated intraperitoneally with FICZ or vehicle. As FICZ exacerbated 

the inflammatory arthritis (9), the treatment also significantly increased the expression of miR-132 

and miR-346 in the Th17 cells from the lymph nodes of the CIA mice (Fig. 2B).  

CS contains a variety of AhR agonists (7, 8). We therefore explored the effect of CS on miRNA 

expression in both AIA and CIA mice exposed to CS during the development of arthritis. As 

expected, CS exposure significantly exacerbated the inflammatory arthritis (SI Appendix Fig. S1). 

CS markedly increased the expression of miR-132 and miR-346 in the Th17 cells from the lymph 
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nodes of AIA mice (Fig. 2C). Supporting this observation, CS also enhanced the expression of 

Cyp1a1 (Fig. 2C). Similarly, CS enhanced the expression of these 2 miRNAs in the Th17 cells from 

the lymph nodes of the CIA mice (Fig. 2D). Together these results demonstrate that AhR activation 

leads to increased expression of miR-132 and miR-346 in the Th17 cells during inflammatory 

arthritis. 

 

Increased expression of miRNAs in clinical RA 

We next investigated the relevance of the specific expression of miR-132 and miR-346 in RA 

patients. We recruited 37 untreated RA patients and 34 matched healthy individuals (Table S2). 

CD4+ T cells from the peripheral blood of the RA patients expressed significantly higher levels of 

human miR-132 and miR-346 compared to that of the cells from the healthy controls (Fig. 2E). We 

then stratified the RA patients to non-smokers (n=18) and smokers (n=19). CD4+ T cells from the 

smoker RA patients expressed significantly higher level of miR-132 than that of the cells from the 

non-smokers (Fig. 2F). This was accompanied by the higher level of expression of CYP1A1 in the T 

cells from the smokers compared to that of the non-smokers. Strikingly, there was no significant 

difference in the expression of miR-346 between the T cells from the smoker and non-smoker RA 

patients (Fig. 2F). These results indicate that the data obtained from the experimental murine 

models of inflammatory arthritis may be applicable to clinical RA. Since the differential expression of 

miR-346 was not obvious in the T cells between the smoker and non-smoker RA patients, we 

focused our investigation on the functional role of miR-132. 

AhR-induced miR-132 is released in EVs by Th17 cells  

We then investigated the effect of the AhR-induced increase in miR-132 expression on the function 

of Th17 cells. Murine naïve T cells (CD4+CD44-CD62L+) were purified from the lymph node of WT 

C57BL/6 mice and polarized to Th17 cells with or without FICZ. The cells were also transfected with 

anti-miR-132 or scrambled anti-miR. miR-132 expression was significantly blocked by anti-miR-132, 

demonstrating the efficacy of the transfection (SI Appendix Fig. S2A). However, blocking of miR-132 

had no effect on the differentiation of Th17 cells as shown by the percent of CD4+ cell positive for IL-
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17A, IFN or IL-17A/IL-22 (Fig. S2B). miR-132 also had no effect on established Th17 cells, as 

transfection of polarized Th17 with anti-miR-132 had no influence on the percent of CD4+ cells 

expressing IL-17A, IL-17A/IL-22 in the polarized Th17 cells (SI Appendix Fig. S2C). 

We then explored the possible effects of miR-132 on other Th17 cell functions. Extracellular 

vesicles (EVs) are an important mechanism of intercellular communication (26). EVs can carry and 

selectively deliver bioactive molecules such as miRNAs and modulate the activities of receptor cells 

(27). We therefore explored the possibility that the AhR-induced miR-132 could be packaged and 

released to exert its functions on target cells. 

Using a series of ultracentrifugation steps, we first purified, characterized and extracted RNA 

of EV pellets from the supernatants of naïve T cells cultured under the Th17 condition. Nano-

tracking analysis revealed an average-size distribution of 123 nm, indicating that Th17 cells are 

releasing exosomes. We then investigated the potential role of EVs in the function of AhR-activated 

Th17 in the context of inflammatory arthritis. Naïve CD4+ T cells were sorted from the lymph nodes 

of C57BL/6 mice and polarized to Th17 in the presence of FICZ. In some cultures, we also added 

cigarette smoke-enriched medium (CSEM). CSEM has been shown earlier to be a surrogate for CS 

in in vitro culture (9). CSEM was able to enhance Th17 differentiation and increased the expression 

of miR-132 (SI Appendix Fig. S3).  Activation of AhR either by FICZ or CSEM did not significantly 

affect EVs formation during the Th17 differentiation in vitro (SI Appendix Fig. S4A). Th17-derived EV 

zeta potential ranged from an average of -8.05 for control cultures to -9.38 after AhR activation. 

These values suggest that just the contents of the vesicles could be altered by the receptor 

activation. Western blot analysis shows that the EVs markers tetraspanin CD63 and Argo2 (involved 

in microRNA biogenesis) were detected in the EVs preparations derived from the Th17 cells (SI 

Appendix Fig. S4B).  

We next investigated if AhR activation of Th17 cells could affect the expression of miR-132 in 

the EV secreted by the Th17 cells. Murine CD4+ T cells were polarized under Th17 condition in the 

presence of FICZ, CSEM or GW4869 (an inhibitor of EV). Equal number of EVs was collected from 

the culture supernatant from each treatment and the level of miR-132 expression determined by 
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qPCR. FICZ and CSEM significantly increased the expression of miR-132 in the EVs (Fig. 3A). The 

expression of miR-132 was completely abolished in the presence of GW4869.  

To determine the clinical relevance of this observation, we collected the synovial fluid from 11 

smokers and 11 non-smokers RA patients. EVs were harvested from the fluids and analyzed for the 

expression of miR-132 by qPCR. The EVs from the smoker RA patients expressed significantly 

higher levels of miR-132 than those from the non-smoker RA patients (Fig. 3B). Together, these 

results demonstrate that AhR-induced miR-132 in the EVs is closely associated with the 

inflammatory arthritis in mice and humans. 

 

EVs from Th17 cells induces osteoclastogenesis 

The possibility that Th17-derived EVs could contribute to the inflammatory process in arthritis by 

acting on other immune cells was then explored. Mouse bone marrow-derived DCs were cultured 

with LPS with or without EVs from Th17. The EVs had no effect on the DCs number or the cytokines 

(TNF, IL-6, IL-23) produced (SI Appendix Fig. S5A). Bone marrow-derived macrophages were also 

cultured under M0 (medium alone), M1 (LPS) or M2 (IL-4) conditions with or without Th17 EVs. The 

EVs again had no effect on the polarization of macrophages (SI Appendix Fig. S5B).  

Next, we tested the effect of Th17 EVs on osteoclastogenesis. Murine bone marrow derived 

pre-osteoclasts (pre-OC) were cultured with RANKL/M-CSF in the presence or absence of Th17-

derived EVs and the resulting number of TRAP+ multi-nucleated cells determined. The number of 

osteoclasts (OC) was significantly increased by the presence of EVs from Th17 cells. This number 

was further elevated by the EVs from Th17 cells previously cultured with FICZ or CSEM. However, 

these increases were blocked by the presence of GW4869 (Fig. 3C).  

To confirm the role of miR-132 in osteoclastogenesis, murine bone marrow pre-OC were 

differentiated to OC in the presence of RANKL and M-CSF and the level of miR-132 expression was 

followed over a 72 h period. Some of the OC were transfected with anti-miR-132 or its scrambled 

control. The expression of miR-132 in the OC increased steadily from 48 h of culture. This 

expression was completely blocked by the transfection of anti-miR-132 (Fig. 3D).  We then 
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differentiated pre-OC with RANKL/M-CSF in the presence or absence of EV from Th17 cells, and 

transfected the OC with anti-miR-132 or the scrambled control. The anti-miR-132 effectively blocked 

the differentiation of OC by RANKL/M-CSF alone or in combination with Th17 EVs (Fig. 3E). These 

results therefore demonstrate that Th17 cells increase osteoclastogenesis by miR-132 delivered to 

the pre-OC via EVs. 

 

miR-132 inhibits Cox2 induction during OC differentiation 

We then explored the mechanism by which miR-132 induces osteoclastogenesis. A recent report 

suggested that miR-132 could down regulate the expression of PTGS2 (prostaglandin-endoperoxide 

synthase 2) gene during human macrophage-OC differentiation (28).  PTGS2 encodes the enzyme 

cyclooxygenase 2 (COX-2), which catalyzes critical steps in the synthesis of prostaglandins (PGs) 

from arachidonic acid. PGE2, PGD2 and PGF2 are reported to have inhibitory effects on OC 

function (29-33). We therefore investigated the role of Ptgs2 and COX-2 in the induction of 

osteoclastogenesis by EVs from Th17 cells. Murine pre-OC was cultured with RANKL/M-CSF in the 

presence of anti-miR-132 or scrambled control. The expression of Ptsg2 gene was progressively 

reduced during OC differentiation in a time-dependent manner; and this was reversed by the 

presence of anti-miR-132 (Fig. 3F). This result was confirmed in Western-blot analysis for the level 

of COX-2 in the differentiated OC. COX-2 protein level was significantly elevated in the OC by the 

transfection of anti-miR-132 (Fig. 3G). We then tested the effect of celecoxib (a well-defined COX-2 

inhibitor) on osteoclastogenesis. Pre-OCs were cultured with RANKL/M-CSF in the presence of 

celecoxib, EVs or anti-miR-132. The number of OC was significantly increased by the blocking of 

COX-2 with celecoxib; and this increase was further elevated by the presence of EVs of Th17 

previously cultured with CSEM (Fig. 3H). Strikingly, the increase in the number of OC was inhibited 

by the presence of anti-miR-132 (Fig. 3H). These results show that the Ptsg2-Cox2 pathway plays 

an important role in the miR-132-induced OC differentiation mediated by Th17 cell EVs activated by 

CS.  
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Anti-miR-132 blocks arthritis and osteoclastogenesis in vivo 

To determine the role of miR-132 in osteoclastogenesis in vivo, C57BL/6 mice were primed and 

boosted with mBSA (AIA model) and injected intra-articularly with anti-miR-132 or its scrambled 

control. Anti-miR-132 injection completely inhibited the expression of miR-132 in the synovial 

membrane of the AIA mice (Fig. 4A), demonstrating the efficiency of the in vivo anti-miR-132 

treatment. The inflammatory arthritis was markedly attenuated by the injection of anti-miR-132 as 

evidenced by the reduction in the joint swelling (Fig. 4B) and histopathological scores of the joints 

(Fig. 4C). In further experiments, AIA mice were exposed to CS and injected with anti-miR-132 or 

the scrambled control. Histological analysis of the femur-tibial joints revealed marked increase of 

TRAP+ periarticular cells in mice exposed to CS. This increase was completely abolished by the 

injection of anti-miR-132 (Fig. 4D). These results demonstrate that the exacerbated arthritic 

inflammation and osteoclastogenesis induced by CS is dependent on miR-132.  

 

Discussion  

CS is an important environmental factor influencing a range of diseases (34). In this report, we 

revealed a hitherto unrecognized mechanism by which CS may exacerbate RA (Fig. 4E). CS acts as 

an important agonist for AhR on Th17 cells to induce the expression of miR-132. The miR-132 thus 

induced is packaged in EVs secreted by the activated Th17 cells. The miR-132 in EVs then 

activates osteoclastogenesis by suppressing the transcription of Ptsg2 and the expression of COX-2 

that would otherwise catalyze arachidonic acid to PGs, which have been documented to inhibit 

osteoclastogenesis (29-33). The result would be the promotion of joint destruction, an event with 

irreversible consequences for RA patients (35).  

Nakahama et al (36) reported that miRNA-132/212 cluster was up-regulated by AHR activation 

under Th17-inducing condition and that deficiency of this cluster prevented the enhancement of 

Th17 differentiation by AHR activation.  Surprisingly, we could not observe an intrinsic effect of miR-

132 in Th17 cells differentiation or activation. The apparent discrepancy between our findings may 
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be that miRNAs other than miR132 in the miRNA-132/212 cluster are important in the Th17 

differentiation.  Instead we found that miR-132 induced was packaged into Th17-derived EVs. T 

cells are known to release EVs upon activation, however the importance of vesicular miRNAs in 

modulate the immune response by these cells is still little explored (37-39). Here we demonstrate 

that EV containing miR-132 strongly affects the differentiation of osteoclasts in vitro. The mechanism 

by which RNA molecules is sorted into EVs is not completely understood, but it is recognized that 

important molecules from microRNA silencing complex are present in EVs and contribute to miRNAs 

function (40, 41). Here, we detected the presence of Ago2 in the Th17 EVs, supporting the 

functionality of miR-132. However, it should be noted that although we have demonstrated that 

miRNA-132 in EVs could induce osteoclastogenesis in vitro, further study is needed to show directly 

they affect inflammatory arthritis in vivo. 

 

The enzyme COX2 catalyze critical steps in the synthesis of pro-inflammatory prostaglandins 

(PGs) from arachidonic acid, which plays important roles in bone homeostasis and in 

pathophysiology of bone disease (42). The PGs effects on osteoclasts function are complex and 

somewhat contradictory, depending on the PG subtype investigated. Exogenous PGE2, for 

example, can stimulate osteoclasts formation and bone resorption (43, 44). In contrast, PGE2 

exhibit an inhibitory effect on human osteoclasts cells or osteoclasts derived from spleen cultures 

(29-31). Exogenous PGD2 and PGF2 also have been shown to inhibit osteoclasts function (32, 

33). However, endogenous production of eicosanoids by osteoclasts on bone metabolism was 

unexplored. Here, we demonstrate that Celecoxib, a specific COX2 inhibitor, enhances osteoclast 

formation. Consistent with our results, it have been demonstrated that osteoclasts express cytosolic 

phospholipase A2 (cPLA2), responsible for the liberation of arachidonic acid from cellular membrane 

and subsequent eicosanoid biosynthesis. Pharmacological inhibition of cPLA2 increased 

osteoclastogenesis (45), suggesting that its activity and subsequent metabolites would exert a 

negative control of osteoclasts function. The precise mechanism of COX2 modulation of 

endogenous PGs in osteoclastogenesis and its functional role in vivo remains to be explored.  
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Our finding in the murine arthritic models appears to be applicable to clinical RA. CD4+ T cells 

from the peripheral blood of the RA patients expressed significantly higher levels of miR-132 

compared to that of the cells from the healthy controls. Furthermore, CD4+ T cells from the smoker 

RA patients expressed significantly higher level of miR-132 than that of the cells from the non-

smokers. Moreover, the EVs from smoker RA patients expressed significantly higher levels of miR-

132 than those from the non-smoker RA patients. Together, these results demonstrate that AhR-

induced miR-132 in the EVs is closely associated with clinical RA. It would be important to further 

explore miR-132 as a therapeutic target to alleviate inflammation and bone damage in RA. 

 

Materials and Methods 

Mice, induction of arthritis.  Male C57BL/6, DBA/1J and Ahr-/-mice were bred in specific 

pathogen-free animal facility at the School of Medicine of Ribeirão Preto, University of São Paulo, 

Brazil. All experiments were performed in accordance to the guidelines outlined by Standing 

Committee on Animals at Ribeirão Preto Medical School, University of Sao Paulo (no 048/2012). Ahr-

/- mice on the C57BL/6 background were provided by Dr Frank Gonzalez (National Cancer Institute, 

National Institute of Health, Bethesda, USA). For induction of antigen-induced arthritis (AIA) 

C57BL/6 mice were injected subcutaneously with methylated BSA in CFA and boosted with the 

same preparation in IFA. For collagen-induced arthritis (CIA), DBA/1J mice were injected 

intradermally with bovine type II collagen in CFA. Detailed information describing protocols for T cell 

differentiation, osteoclast cultures, microarrays, flow cytometry, extracellular vesicles purification and 

analysis, anti-MiR transfections, cigarette smoke exposure is provided in SI Appendix. 

 

Patients and Healthy donors. Peripheral blood samples from 37 RA patients and 34 healthy 

individuals were obtained from CD4+ T cells analysis. All patients fulfilled the 2010 American 

College of Rheumatology and European League against Rheumatism criteria for RA classification 

(46), and did not receive any treatment. Disease activity was measured by DAS28 (Disease Activity 

Score, including a 28-joint count), and RA patients were stratified according to smoking in smokers 
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and non-smokers. Synovial liquid from 22 RA patients were also collected for isolation of 

extracellular vesicles. The clinical features of the subjects are detailed Table S2. All donors provided 

informed consent to participate in the study, approved by the Research Ethics Committee of 

HCFMRP – University of São Paulo (Protocol 5776/2015). Subjects presenting other autoimmune or 

rheumatic diseases and infectious disorders or were serologic positive for Chagas disease, hepatitis 

B and C, or HIV were excluded. All laboratory analyses of the samples were performed blind to the 

donor status. Further information is provided in SI Appendix. 
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Fig. 1. AhR activation induces the expression of specific miRNAs in Th17 cells. Naïve T cells 

(CD4+CD44-CD62L+) were activated with plate-bound anti-CD3 and soluble anti-CD28, and 

polarized to Th17 with a cocktail of TGF-β1, IL-6, and IL-1β for 72 h. (A) Heatmap of miRNA 

significantly expressed (fold-change  2.0 and FDR  5%) in IL-17-producing CD4+ T cells cultured 

for a further 24 h with the cytokine cocktail plus IL-23 with or without FICZ. CD4+ T cells cultured in 

the presence of IL-2 were used as control (Th0). (B) miRNAs homologous sequence between mice 

and human obtained from miRBase. qPCR analysis of (C) miR-132, miR-346, and (D) Cyp1a1 in 

Th17 cells. Results were calculated by the comparative threshold cycle method. (E) Representative 

dot plot of CD4+ IL-17A+ T cells frequency assessed by flow cytometry, and frequency of CD4+ IL-

17A+ T cells. (F) ELISA of IL-22 in the supernatants of Th17 cells differentiation as in (E).  Data are 

mean  SEM, representative of three independent experiments. Statistical analysis was performed 

by unpaired, two-tailed Student’s t-test (n  3/group). 
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Fig. 2. AhR activation-induced miRNAs are associated with arthritis. qPCR for miR-132, and miR-

346 expression in CD4+ IL-17+ T cells isolated from draining lymph nodes of (A) WT C57BL/6 or 

AhR-deficient mice in the AIA model, (B) DBA-1/J mice in the CIA model. Mice were treated with 

FICZ or vehicle (DMSO). (C) MiR-132, miR-346 and Cyp1a1 expression in AIA mice exposed or not 

to cigarette smoke during immunization. (D) MiRNA expression in CIA mice exposed or not to 

cigarette smoke as in (C). Data are representative of three independent experiments, and IL-17+ 

cells were pooled from 3 mice (mean  SEM). Results were calculated by the comparative threshold 

cycle method. Statistical analysis was performed by one-way ANOVA followed by Bonferroni test, or 

unpaired, two-tailed Student’s t-test (n  3/group). (E, F) CD4+ T cells were isolated from the 

peripheral blood of RA patients (n=37) or healthy controls (n=34). Total RNA was extracted for 

qPCR analysis. (E) Expression of miR-132 and miR-346 in the T cells from controls and RA 

patients. (F) MiR-132, miR-346, and CYP1A1 expression in the T cells from non-smokers (n=18) 

and smokers (n=19) RA patients. Results were calculated by the comparative threshold cycle 

method and are presented relative to that of RNU48 (internal control miRNA), or GAPDH (internal 

control). NS = not significant. Statistical analysis was performed by nonparametric Mann-Whitney 

test.  

 

Fig. 3. AhR-induced miR-132 is released by Th17 in extracellular vesicles and promotes 

osteoclastogenesis. Naïve T cells (CD4+CD44-CD62L+) were polarized to Th17 for 72 h (as in Fig. 

1A) with or without FICZ, CSEM (CS-enriched medium) or GW4869 (a vesicle blocking agent). 

Culture supernatants were collected and extracellular vesicles (EVs) isolated by ultracentrifugation. 

(A) Equal numbers of purified EVs were collected for qPCR analysis for miRNA-132. Statistical 

analysis was performed by one-way ANOVA followed by Bonferroni test. Data are representative of 

three independent experiments. ND, not detectable. (B) miRNA-132 expression in EVs of the 

synovial fluids from non-smoker (n=11) and smoker (n=11) RA patients. Results were calculated by 

the comparative threshold cycle method and are presented relative to that of miR-361 (internal 

control miRNA). Statistical analysis was performed by nonparametric Mann-Whitney test. (C) 
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Osteoclasts (OCs) were differentiated with RANKL and M-CSF in the presence of EVs from Th17 

supernatants previously treated with vehicle, FICZ, CSEM or GW4869. Images and number of 

TRAP+ multinuclear OCs (scale bar 75 m) are shown. (D) MiR-132 expression during OC 

differentiation. (E) OCs were differentiated (as in C) in the presence of EVs from Th17, and 

transfected with anti-miR-132 or scrambled control. Images and number of TRAP+ multinuclear OC 

(scale bar 75 m) are shown. (F) Heatmap of Ptgs2 expression in OCs differentiated in the presence 

of anti-miR-132 or scrambled control. (G) OCs collected after 72 h were analyzed by western blot for 

the presence of COX-2. Statistical analysis was performed by unpaired, two-tailed Student’s t-test. 

Data (mean  SEM) are from two independent experiments. (H) OCs were differentiated in the 

presence of RANKL and M-CSF for 48 h and then re-stimulated for 24 h with M-CSF and RANKL in 

the presence or absence of EVs isolated from Th17 pre-treated with CSEM or a COX-2 inhibitor, 

celecoxib. Some cells were also transfected with anti-miR-132. Representative images (scale bar 75 

m) and number of multinuclear TRAP+ OCs are shown. Statistical analysis was performed by one-

way ANOVA followed by Bonferroni test, or unpaired, two-tailed Student’s t-test (n  3/group). Data 

(mean  SEM) are representative of two independent experiments.  

Fig. 4. Anti-miR-132 blocks arthritis and osteoclastogenesis in vivo. (A) MiR-132 expression in the 

total synovial membrane of AIA mice injected intra-articularly with PBS (sham), miRCURY LNA anti-

miR-132 or scrambled control. ND, not detectable. Inflammatory arthritis of AIA mice (treated as in 

A) was measured as  joint diameter (B), and histopathological score (C). (D) AIA mice were 

exposed to CS and injected intra-articularly with anti-miR-132 or scrambled control. Images and 

number of periarticular TRAP+ cells in the  femur-tibial joint (scale bar 200 m) are shown. Statistical 

analysis was performed by one-way ANOVA followed by Bonferroni test, or unpaired, two-tailed 

Student’s t-test. Data are mean  SEM, representative of two independent experiments (n  

3/group). (E) Schematic representation of the regulation and function of miR-132 on 

osteoclastogenesis in RA. 
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